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GUIDANCE SCHEMES FOR A MARTIAN PROBE LAUNCHED 

FROM A MANNED FLYBY SPACECRAFT 

By Thomas B. Murtagh, F lora  B. Lowes and 
Victor R .  Bond 

A comparison of  fixed- and var iable- t ime-of-arr ival  guidance schemes 
f o r  a Mars probe launched from a manned spacecraf t  during a Mars flyby 
mission i n  1975 i s  presented. The problem i s  i n i t i a t e d  when t h e  probe 
and spacecraf t  separa te  at t h e  Mars sphere of in f luence  and i s  terminated 
when t h e  probe a r r i v e s  a t  a spec i f i ed  en t ry  a l t i t u d e  and t h e  spacecraf t  
a r r i v e s  at p e r i a p s i s .  The relative s t a t e  between t h e  probe and space- 
c r a f t  i s  assumed t o  be per fec t ly  known s o  t h a t  t h e  uncer ta in ty  covariance 
matr ix  f o r  t h e  probe i s  equal t o  t h a t  of t h e  spacecraf t .  The spacecraf t  
pos i t i on  and ve loc i ty  uncer ta in t ies  a r e  reduced by onboard processing 
of Mars-star included angle measurements using a Kalman f i l t e r .  

The r e s u l t s  of t h e  study ind ica te  t h a t  var iable- t ime-of-arr ival  
guidance produces smaller  root-mean-square ve loc i ty  cor rec t ions  than 
fixed-time-of-arrival guidance, and would be more advantageous f o r  space- 
c r a f t  maneuvers. 
f o r  the  probe co r rec t ions ,  however, i n  order  t o  more e f f i c i e n t l y  con t ro l  
t h e  f l ight-path angle dispersions a t  en t ry .  

Fixed-time-of-arrival guidance appears t o  be b e t t e r  

INTRODUCTION 

I n  re ference  1, a preliminary ana lys i s  of t he  probe and space- 
c r a f t  guidance and navigat ion systems w a s  presented i n  which f u e l  con- 
sumption f o r  both vehic les  was analyzed as a funct ion of navigat ion 
system accuracy, number of navigation measurements processed, disper-  
sfoiis aiid -a-icertaiiities iii tiie iiyaj ectoi%y at  separa t ion ,  number and 
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timing of ve loc i ty  co r rec t ions ,  and t h e  accuracy of t h e i r  execution. I n  
t h i s  re ference ,  only fixed-time-of-arrival (FT'A) pos i t i on  guidance w a s  
utLl ized t o  compute t h e  root-mean-square (RMS) ve loc i ty  cor rec t ions  f o r  
both t h e  probe and spacecraf t .  

The present  study m a y  be considered an extension of t h e  ana lys i s  
presented i n  reference 1, primarily t o  compare FTA and variable-time-of- 
a r r i v a l  (VTA) guidance f o r  both the probe and spacecraf t .  
assumed t o  be separated from t h e  spacecraf t  at t h e  Mars sphere of 
inf luence (SOI) and i s  constrained t o  land 1 hour ahead of t h e  space- 
c r a f t  passage through pe r i aps i s  . 

The probe i s  

The purpose of t h i s  s tudy,  then,  i s  t o  present  t h e  midcourse RMS 
ve loc i ty  cor rec t ions  required f o r  t h e  probe t o  a t t a i n  c e r t a i n  f l i g h t -  
path angle dispers ions a t  en t ry  as w e l l  as s a f e  vacuum pe r i aps i s  a l t i t u d e  
dispers ions and f o r  t h e  spacecra.ft t o  a t t a i n  reasonable a l t i t u d e  disper- 
s ions  at i t s  pe r i aps i s .  These RMS correc t ions  a r e  presented f o r  both 
FTA and VTA guidance. 
t h e  dynamics of t h e  problem and t o  process t h e  o p t i c a l  measurements using 
t h e  Kalman f i l t e r .  

A d i g i t a l  computer program w a s  used t o  s imulate  

ANALYSIS 

Reference Tra jec tor ies  of Probe and Spacecraf t  

The bas i c  geometry of t h e  probe and spacecraft-reference t r a j e c t o r i e s  
i s  i l l u s t r a t e d  i n  f igu re  1. The i n i t i a l  pos i t i on ,  r and ve loc i ty ,  v 
of t h e  spacecraf t  on the  flyby hyperbola were generated using a matched 
conic in t e rp l ane ta ry  program ( r e f .  2 ) .  The probe ve loc i ty  at t h e  Mars 
SOI, ypROBE, w a s  computed by specifying the  speed at en t ry ,  v 

a l t i t u d e ,  hE, and en t ry  f l igh t -pa th  angle ,  yE. The procedure f o r  cal-  

cu la t ing  t h i s  ve loc i ty  i s  developed i n  t h e  Appendix. The c h a r a c t e r i s t i c s  
of t h e  reference t r a j e c t o r y  used f o r  t h e  probe and spacecraf t  i n  t h i s  
sLudy a r e  presented i n  reference 1 and correspond t o  t h e  da t a  f o r  
lvol = 27 920 fps i n  t h a t  reference.  

s e n t  t he  unce r t a in t i e s  and dispersions normally d i s t r i b u t e d  about t he  
re ference  t r a j e c t o r i e s .  

0' 0 ,  

ent ry  E' 

The r e s u l t s  of t h e  ana lys i s  repre- 
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Descript ion of Navigation and Guidance Systems 

The navigat ion system equations employed i n  t h i s  study a r e  i d e n t i c a l  
t o  those developed i n  reference 1. 
measurement deviat ions t o  state vector deviat ions f o r  t h e  Mars-star in-  
cluded angle measurement i s  developed i n  t h e  same reference.  The geo- 
metry of t h e  Mars-star included angle measurement i s  i l l u s t r a t e d  i n  
f igu re  2. The appropriate  guidarce system e r r o r  equations are a l s o  
developed i n  reference 1. The only change i n  these  equations requi red  
f o r  t he  study presented here  i s  i n  t h e  computation of t h e  guidance 
mat r ix ,  G. This matrix appears i n  equations B-4 and B-12 of re ference  1. 
Equation B-4 represents  t h e  update of t h e  s t a t e  d i spers ion  covariance 
matrix X ( t )  as a r e s u l t  of a guidance maneuver and i s  wr i t t en  

The s e n s i t i v i t y  vec tor  which r e l a t e s  

+ 
where ( ) ind ica tes  t h e  matri.x a f t e r  t h e  cor rec t ion  and ( )- represents  
t h e  matrix immediately p r i o r  t o  the  cor rec t ion .  

E ( t )  i s  a 6 X 6 matr ix  of estimation unce r t a in t i e s  and I i s  a 6 X 6 
i d e n t i t y  matr ix .  

Equation B-12 i s  

where the  6 X 6 guidance m a t r i x  G ( t )  i s  defined as 

c 

The RMS est imzte  of t h e  veloci ty  cor rec t ion  i s  computed from t h e  square 
root of t h e  t r a c e  of equation ( 2 ) .  
puted as a funct ion of t he  type of g u i d a x e  tc! he used ( e . g . ,  FTA o r  VTA).  
The der iva t ion  and discussion of t h e  th ree  types of guidance matr ices  
used i n  t h i s  study are presented i n  reference 3. The f i r s t  G ( t )  matrix 
developed i s  f o r  FTA pos i t ion  guidance; t h e  second G ( t )  matrix developed 
i s  f o r  VTA guidance subjec t  t o  t h e  cons t r a in t  t h a t  t h e  magnitude of t he  
ve loc i ty  cor rec t ion  be minimized; t h e  t h i r d  guidance matrix developed 
i s  f o r  VTA guidance with t h e  cons t r a in t  t h a t  f l igh t -pa th  angle disper- 
s ions at enti-y a r e  nul led.  An a l t e r n a t e  der iva t ion  f o r  t h e  f irst  two 
of t hese  guidance matr ices  i s  presented i n  reference 4. 

The guidance matrix, G ( t )  , i s  com- 
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Assumptions 

Following a r e  t h e  main assumptions f o r  t h e  study: 

P 

c 

1. The probe and spacecraf t  are separa ted  a t  t h e  Mars SOI, and 
t h e  probe i s  constrained t o  l a n d  1 hour p r i o r  t o  spacecraf t  passage 
through pe r i aps i s  . 

2. A t  t h e  SOI, t he  i n i t i a l  spacecraf t  p o s i t i o n  and ve loc i ty  d is -  
pers ions and unce r t a in t i e s  a r e  assumed equal  and a r e  equal t o  t h e  probe 
dispers ions and unce r t a in t i e s  j u s t  p r i o r  t o  separa t ion .  

3. The covariance matr ix  a t  t h e  time of separa t ion  i s  taken t o  be 
diagonal with RMS pos i t i on  and ve loc i ty  e r r o r s  equal t o  300 n.  m i . ,  18 f p s ;  
150 n. m i . ,  9 fp s ;  o r  75 n. m i . ,  4.5 f p s .  The f irst  s e t  of i n i t i a l  
e r r o r s  a r e  considered t o  be conservative values and t h e  r e s u l t s  generated 
from them can be used f o r  preliminary system design. 
i n i t i a l  e r r o r s  are more r e a l i s t i c  and represent  values which could be 
obtained by earth-based t racking of  an in t e rp l ane ta ry  vehicle .  
e r r o r  s e t  may be opt imis t ic  and the re fo re  t h e  r e s u l t s  generated from 
them should be i n t e r p r e t e d  accordingly. 

The second set of  

The las t  

4. The re ference  t r a j e c t o r i e s  used a r e  assumed t o  be i d e a l  conics ,  
and the  s t a t e  t r a n s i t i o n  matrix used t o  propagate t h e  e r r o r s  was der ived 
a n a l y t i c a l l y  f o r  two-body conic t r a j e c t o r i e s .  

5. The r e l a t i v e  s t a t e  between t h e  probe and spacecraf t  i s  p e r f e c t l y  
known so  t h a t  t he  uncer ta in ty  covariance matr ix  of t h e  probe i s  equiva- 
l e n t  t o  t h a t  of t h e  spacecraf t .  The spacecraf t  uncer ta in ty  covariance 
matrix i s  reduced by processing Mars-star included angle measurements 
with a Kalman f i l t e r .  

6 .  The equation f o r  t h e  t o t a l  var iance of  t h e  observation e r r o r s ,  
u can be w r i t t e n  as T’ 

o 2 = a12 + ( C  t a n  e ) 2  ( 4 )  T 
and i s  der ived and discussed i n  re ference  1. The parameter u is  t h e  

s tandard  devia t ion  of t h e  instrument e r r o r  and w a s  chosen t o  be 5 a r c  
seconds f o r  t h i s  study. The parameter c i s  defined as t h e  r a t i o  of 
Mars rad ius  uncertainty t o  t h e  Mars radius  and w a s  taken t o  be 0.001 i n  
t h i s  note.  (This value corresponds t o  a Mars rad ius  e r r o r  of  t h e  order  
o f  2 n. m i . ) .  

I 
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7 .  Both FTA and VTA guidance were used f o r  both t h e  probe and 
spacecraf t .  No attempt w a s  made t o  optimize the  ve loc i ty  cor rec t ion  
schedule f o r  e i t h e r  of t hese  types of guidance schemes. 

Description of Simulation 

A d i g i t a l  computer simulation program, PROBE, developed by t h e  
authors w a s  used t o  generate  the  r e s u l t s  presented i n  t h i s  note.  The 
bas ic  components of t h i s  program are a cont ro l  rou t ine  which generates  
t r a j e c t o r y  and covariance m a t r i x  t ime h i s t o r i e s  f o r  both the  probe and 
spacec ra f t ,  a s e t  of subroutines which compute t h e  conic s t a t e  t r a n s i t i o n  
matr ix  f o r  propagating e r r o r s  and in t eg ra t ing  t h e  s t a t e  vector  along 
t h e  conic,  and another s e t  of subroutines which update t h e  covariance 
matr ices  as a r e s u l t  of a navigation measurement o r  a guidance maneuver. 
The RMS pos i t i on  and ve loc i ty  e r ro r s ,  computed from t h e  square roo t  of 
t h e  t r a c e  of t h e  covariance matr ices ,  a r e  presented i n  a loca l ly - l eve l ,  
coordinate  system which displays both in-plane and out-of-plane e r r o r s .  
The x-axis of t h i s  coordinate system i s  along t h e  rad ius  vector  
t o  the  probe or spacecraf t  ( a l t i t u d e )  , t h e  y-axis i s  i n  the  d i r e c t i o n  
of  the  ve loc i ty  ( r ange ) ,  and the z-axis i s  along t h e  o r b i t a l  angular 
momentum vec tor  ( t r a c k ) .  The er rors  i n  t h i s  system a r e  designated as 
a l t i t u d e ,  range, and t r a c k  e r ro r s ,  and t h e i r  time r a t e s  of change. 

DISCUSSION CF RESULTS 

Navigation Results 

Uncertaint ies  i n  the  estimate of  t h e  s t a t e  of a vehic le  as de ter -  
mined by navigat ion measurements represent  a lower bound f o r  t h e  s t a t e  
d i spers ions .  A s  can be seen by inves t iga t ing  equation (11, state d is -  
pers ions are never b e t t e r  than the  unce r t a in t i e s  i n  the  est imate .  By 
i nves t iga t ing  d i f f e r e n t  navigation systems t o  reduce t h e  est imate  uncer- 
t a i n t i e s ,  one can expect t o  a lso reduce t h e  d ispers ions .  Thus, as t h e  
navigat ion i s  improved, so i s  the a b i l i t y  t o  guide a spacecraf t  t o  a 
spec i f i ed  t a r g e t .  

The navigat ion f o r  t h i s  study w a s  t h e  same as t h a t  used i n  t h e  
grel iminary Mars probe study of re ference  1. That i s ,  the  o p t i c a l  meas- 
urement considered w a s  t h e  s tar-planet  included angle which was  assumed 
t o  be measured with an onboard sex?xmt and processed by a Kalman f i l t e r .  
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Mars was  at a l l  times the  planet  used f o r  t h e  measurements. However, 
t h e  star used f o r  each measurement w a s  randomly chosen from a l imi t ed  
catalogue of stars included i n  the s imulat ion program. No attempt w a s  
made t o  optimize the  choice of  s t a r s  f o r  t h e  measurements. 

For the  study presented herein,  only one t r a j e c t o r y  w a s  used - t h e  
Also f o r  t h i s  s tudy,  t h e  para- t r a j e c t o r y  f o r  which 1; I = 27 920 fps .  

meters u and c were assigned the  f ixed  values of 5 a rc  seconds and 

0.001 (approximately 2-n. m i .  Mars rad ius  uncer ta in ty)  , respec t ive ly .  
This t r a j e c t o r y  and these  value assignments were chosen on the  bas i s  
of the  r e s u l t s  and conclusions of a prel iminary Mars probe study ( ref .  1). 

0 

I 

Since t h e  pos i t i on  uncertainty of p r i n c i p l e  i n t e r e s t  i s  t h a t  a t  
pe r i aps i s  f o r  t he  s p a c e q a f t  and a t  vacuum pe r i aps i s  f o r  t h e  probe, t h e  
r e s u l t s  of t h e  ana lys i s  a r e  presented f o r  t hese  te rmina l  points  only. 

. 

Results of t h e  navigation analysis  a r e  presented i n  f igures  3, 4 ,  5 ,  
and 6.  

Spacecraft .-  Figures 3 and 4 show t h e  a l t i t u d e ,  range, and t r ack  
components of spacecraf t  RMS pos i t ion  uncer ta in ty  a t  Mars pe r i aps i s .  
These values a r e  p l o t t e d  against  t i m e  t o  Mars pe r i aps i s  i n  order t o  
i l l u s t r a t e  approximately how well t h e  pe r i aps i s  a l t i t u d e  , range , and 
t r a c k  component unce r t a in t i e s  are known a t  any time along t h e  t r a j e c t o r y .  
The pe r i aps i s  a l t i t u d e  f o r  t h e  study w a s  assumed t o  be 100 n. m i .  

Figures 3 and 4 each contain t h r e e  curves.  These th ree  curves 
represent  pos i t i on  uncer ta in t ies  a t  Mars pe r i aps i s  f o r  t h r e e  d i f f e r e n t  
s e t s  of i n i t i a l  RMS pos i t ion  and ve loc i ty  e r r o r s  ( a  
f o r  300 n. m i . ,  18 fps ;  150 n .  m i . ,  9 f-ps; and 75’11. m i .  4.5 f p s .  
r e s u l t s  of t h e  l a t t e r  s e t  of i n i t i a l  e r r o r s  a r e  presented f o r  information 
only ,  as they a r e  considered too op t imis t i c  f o r  s t r i c t l y  an onboard navi- 
ga t ion  system. . 

and u ) - t h a t  
Ro vO 

The 

From previous s tud ie s  it has been found t h a t  a measurement frequency 
of less than 15-minute in t e rva l s  does not s i g n i f i c a n t l y  a f f e c t  t he  pe r i -  
a p s i s  pos i t i on  e r r o r  curve p ro f i l e .  Thus, t h e  r e s u l t s  presented are 

~nterva:a of 9n .--a 1 c  -:-..+-- 
JU allU IJ l I I I l I U ’ 4 C J  e 
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Figure 3 contains  r e s u l t i n g  data f o r  a measurement i n t e r v a l  of 30 
minutes. The t h r e e  RMS pos i t i on  e r r o r  components - a l t i t u d e ,  range, 
and t r ack  - are p l o t t e d  i n  f igures  3( a )  , ( b )  , and ( c )  , respec t ive ly .  

Figure 3 ( a )  shows t h a t  f o r  each of  t h e  t h r e e  d i f f e r e n t  i n i t i a l  e r r o r s ,  
t h e  pe r i aps i s  a l t i t u d e  uncertainty approaches t h e  same value a f te r  approx- 
imately twenty measurements. A s  can be seen, a f t e r  t h i s  po in t  a l l  t h ree  
curves continue t o  converge t o  approximately t h e  same te rmina l  value of 
2 n.  m i .  

Figure 3 (b )  i l l u s t r a t e s  t h e  RMS range uncer ta in ty  a t  pe r i aps i s  f o r  
t h e  same conditions as t h a t  f o r  the a l t i t u d e  uncer ta in ty .  A s  can be 
seen ,  t he  major po r t ion  of t h e  t o t a l  FJ4S pos i t i on  e r r o r  l i es  i n  t h e  down- 
range component. Also i l l u s t r a t e d  i s  t h a t  t h e  down-range e r r o r  cannot 
be determined u n t i l  l a t e  i n  t h e  f l i g h t .  This t r a i t  i s  c h a r a c t e r i s t i c  of 
t h e  information obtained from onboard observations.  However, t h i s  a f f e c t s  
only t h e  a r r i v a l  t ime,  thus performance i s  genera l ly  good regard less  
( r e f .  5 ) .  
e r r o r s  would follow t h e  t r end  of t h a t  of t h e  down-range e r r o r s .  Therefore,  
f l igh t -pa th  angle e r r o r s  would also not be determined u n t i l  l a t e  i n  f l i g h t .  

It should be pointed out t h a t  t h e  p r o f i l e  of f l igh t -pa th  angle  

The curves of f igu re  3 ( c )  represent  t r a c k  unce r t a in t i e s  - t h e  t h i r d  
e r r o r  component of t h e  t o t a l  RMS p o s i t i o n  e r r c r .  L i t t l e  need be s a i d  
about these  curves f o r ,  as can be seen,  they drop q u i t e  r ap id ly  and con- 
t i n u e  a t  r a t h e r  low values t o  the te rmina l  po in t .  

Figure 4 p re sen t s ,  i n  t h e  same sequence as i n  f i g u r e  3, t h e  r e s u l t s  
of t he  same study fo r  measurements at 15-minute i n t e r v a l s .  P r a c t i c a l l y  
t h e  same conclusions can be drawn from t h e  a l t i t u d e ,  range, and t r a c k  
curves of f igures  4(a)  , ( b )  , and ( c )  as were drawn f o r  f igu res  3(  a )  , ( b )  , 
and ( c ) .  
t a i n t y  curves. Because of  t h e  more frequent measuremeits, t h e r e  does 
appear t o  be a s l i g h t l y  earlier drop and l eve l ing  o f f  i n  t h e  a l t i t u d e  
e r r o r s  with a convergence between 20 and 30 measurements. 

The only appreciable  d i f fe rence  appears i n  t h e  a l t i t u d e  uncer- 

The main conclusions t h a t  can  be drawn from t h e  comparison of space- 
c r a f t  pe r i aps i s  pos i t i on  unce r t a in t i e s  f o r  d i f f e r e n t  i n i t i a l  e r r o r  values 
are as follows: (1) RMS a l t i t u d e  e r r o r s  tend  t o  approach the  same value 
al^ier qprzlxl~:&eIy t h e  szme number of measurements i n  a l l  t h ree  cases 
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and continue t o  converge t o  the same te rmina l  value,  ( 2 )  Down-range 
e r r o r s  a re  not determined u n t i l  l a t e  i n  t h e  f l i g h t  and tend t o  be the  
l a r g e s t  component i n  t h e  t o t a l  RMS pos i t i on  e r r o r  (however, t h i s  a f f e c t s  
only a r r i v a l  t i m e ) ,  (3) Measurements made a t  frequencies of less than 
one pe r  30 minutes have l i t t l e  e f f e c t  on t h e  curve p r o f i l e s  when t h e  
i n i t i a l  RMS pos i t i on  and veloci ty  e r ro r s  a r e  equal  t o  o r  below 30C n. m i .  
and 18 fps .  

Probe.- Figures 5 and 6 per ta in  t o  t h e  probe and present  the  RMS 
a l t i t u d e  uncer ta in ty  a t  vacuum pe r i aps i s  f o r  i n i t i a l  e r r o r s  of 300 n. m i .  , 
18 f p s  and 150 n. m i . ,  9 fps using a measurement i n t e r v a l  of 30 and 
1 5  minutes , respec t ive ly .  The a l t i t u d e  unce r t a in t i e s  a r e  p l o t t e d  against  
t i m e  t o  Mars vacuum p e r t a p s i s .  Resul ts  f ron these  two cases were deemed 
s u f f i c i e n t  f o r  ana lys i s  of t h e  probe a l t i t u d e  unce r t a in t i e s .  Thus , no 
da ta  per ta in ing  t o  t h e  t h i r d  case of i n i t i a l  e r r o r s  were p l o t t e d  as 
were done f o r  t h e  spacecraf t .  

A s  was  expected, upon inves t iga t ion  Gf t h e  r e s u l t s  presented i n  
f igu res  5 and 6 ,  it i s  poss ib le  t o  draw approximately the  same conclusions 
f o r  the  probe as those  f o r  t h e  spacecraf t .  

Guidance Results 

The r e s u l t s  of t h e  guidance ana lys i s  f o r  t h e  probe and spacecraf t  
a r e  presented i n  t a b l e s  I through V I .  The cor rec t ion  t i m e s  , tc , given 

i n  these  t a b l e s  a r e  measured from t h e  t i m e  of separa t ion  at t h e  M a r s  
sphere of inf luence.  Tables I and I1 summarize r e s u l t s  ‘for s ing le  i m -  
pu lse  cor rec t ions  a t  t h e  times given; t a b l e s  I11 through V summarize 
results f o r  two midcourse corrections with the  time of t h e  seconc? cor- 
r e c t i o n  corresponding t o  the  times, tc2 , given i n  t h e  t a b l e s .  Table V I  

compares FTA guidance and t h e  second type of VTA guidance f o r  t h e  probe 
assuming a pe r fec t  navigation sys tem and no veloci ty-correct ion imple- 
mentation e r r o r s .  

The FTA r e s u l t s  presented i n  t hese  t ab le s  attempt t o  n u l l  a l l  posi-  
t i o n  e r r o r s  at spacecraf t  per iaps is  and prcbe vacuum pe r i aps i s .  The 
VTA r e s u l t s  i n  the  t ab le s  allow t h e  range e r r o r  t o  be f r e e  while mini- 
mizing the  magnitude of t h e  applied cor rec t ion .  (This @.dance is r e -  
f e r r e d  t o  as rad ius  of per iaps is  guidance i n  reference 4.)  The aimpoints 
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c 

f o r  t h i s  guidance a r e  a l s o  spacecraft p e r i a p s i s  and probe vacuum pe r i -  
aps i s .  The r e s u l t s  f o r  VTA guidance nu l l ing  f l igh t -pa th  angle e r r o r s  
a t  en t ry  a r e  not presented,  except i n  t a b l e  V I ,  because i n  t h e  presence 
of t he  navigation system e r r o r s  assumed and t h e  guidance cor rec t ion  im-  
plementation e r r o r s  chosen, t h e  r e s u l t s  f o r  t h i s  type  of probe guidance 
(with an aimpoint at t h e  nominal probe en t ry  a l t i t u d e )  were almost equiv- 
a l e n t  t o  t h e  FTA guidance r e s u l t s  presented.  

No attempt w a s  made i n  t h i s  study t o  develop an a n a l y t i c a l  so lu t ion  
t o  t h e  optimum veloc i ty  correct ion schedule. Development of such a 
so lu t ion  requi res  f irst  t h a t  th ree  c r i t e r i a  be s a t i s f i e d  ( r e f .  5 ) .  The 
f i r s t  of t hese  c r i t e r i a  s t a t e s  t h a t  at t h e  time of  each co r rec t ion  the  
m i s s  has been estimated b e t t e r  than it can be corrected.  This c r i t e r i a  
cannot be s a t i s f i e d  with t h e  navigation system simulated i n  t h i s  study. 
The addi t ion  of Earth-based radar t r ack ing ,  coupled with an onboard navi- 
ga t ion  system such as t h a t  used i n  t h i s  no te ,  would enable t h e  f irst  
c r i t e r i a  t o  be s a t i s f i e d .  
yond t h e  scope of t h i s  study, but w i l l  be considered i n  a future ana lys i s .  
However, t he  AV r e s u l t s  presented i n  t h i s  s tudy,  though non-optimul, 
are more than adequate f o r  preliminary system design. 

Simulation of t h i s  type of  t racking  was  be- 

The ve loc i ty  cor rec t ion  implementation e r r o r s  assumed f o r  t h e  
t a b l e s  presented were a 1-percent propor t iona l  e r r o r  and a 1-degree 
poin t ing  e r r o r .  The instrument accuracy assumed w a s  5 a r c  seconds, and 
t h e  Mars radius  uncertainty was 2 n. m i .  

Spacecraft .-  I n  t a b l e  I the s i n g l e  cor rec t ion  r e s u l t s  f o r  t h e  space- 
c r a f t  a r e  presented fo r  i n i t i a l  e r r o r s  at separa t ion  of 300 n. m i .  and 
18 f p s  and navigation measurements processed a t  30- and 15-minute i n t e r -  
v a l s  , respec t ive ly .  Using F'TA guidance it appears t h a t  a spacecraf t  
p e r i a p s i s  a l t i t u d e  d ispers ion  of 5.6 n. m i .  can be obtained f o r  one cor- 
r e c t i o n  equal t o  320 fps  (RMS) ; t h i s  cor rec t ion  i s  appl ied approximately 
1 hour p r i o r  t o  spacecraft p e r i a p s k  passage (17 hours from Mars SOI). 
With VTA guidance, and applying t h e  s ing le  cor rec t ion  a t  t h e  same time, 
an RMS AV = 260 fps produces a 5.0-n. m i .  spacecraf t  pe r i aps i s  a l t i t u d e  
d ispers ion .  The range dispers ion,  however, has increased from 87 t o  
238 n. m i .  

Table I1 represents  s ingle  co r rec t ion  r e s u l t s  f o r  i n i t i a l  e r r o r s  
at separa t ion  of 150 n. m i .  and 9 f p s  processing navigation measurements 
at 30- and 15-minute i n t e r v a l s ,  respectlvelg. .  With FTA guidance, an 
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RMS AV = 152 fps  produces a 3.8-n. m i .  p e r i a p s i s  a l t i t u d e  d i spe r s ion ;  
a s i n g l e  co r rec t ion  executed at  t h e  same t i m e  using VTA guidance re- 
qui res  130 fps  and produces a 3.6-n.m. p e r i a p s i s  a l t i t u d e  d ispers ion .  
It should be noted t h a t  t h e  s ing le  cor rec t ion  values i n  table  11, with 
i n i t i a l  e r r o r s  one-half t hose  i n  table I ,  are approximately one-half 
t h e  values of t h e  s ing le  correct ion values presented i n  t h e  first two 
t a b l e s .  The reason f o r  t h i s  i s  t h a t  t h e  f i r s t  midcourse co r rec t ion  
af ter  separa t ion  attempts t o  nul l  t h e  d ispers ions  present  i n  t h e  tra- 
j e c t o r y  at  separa t ion  and therefore  i s  proportional.  t o  t h e s e  d ispers ions .  
Consequently, i f  t h e  i n i t i a l  dispers ions are reduced by a f a c t o r  of  two, 
then  the  f irst  co r rec t ion  should a l s o  be reduced by t h e  same f a c t o r .  

Table I11 i l lustrates the r e s u l t s  of making two midcourse correc- 
t i o n s  , using e i t h e r  FTA or VTA guidance, with i n i t i a l  e r r o r s  of 300 n. m i .  
and 18 f p s ,  and processing navigation measurements a t  30- and 15-minute 
i n t e r v a l s .  The f i r s t  correct ion w a s  assumed t o  have been made at 9.0 hours 
from separa t ion  (approximately 9.0 hours , a l s o ,  from spacecraf t  p e r i a p s i s )  
and requi red  an RMS AV = 50 f p s .  The second co r rec t ion  i s  assumed t o  be 
made at any of t h e  times shown in t h e  t a b l e s .  To i l l u s t r a t e  t h e  advantage 
of making two cor rec t ions  r a the r  than  one, consider  table  I I I ( b )  ( F T A  
guidance) and assume t h a t  t h e  second co r rec t ion  i s  made 17.0 hours from 
t h e  Mars SO1 (approximately 1 how p r i o r  t o  p e r i a p s i s  passage) .  The 
t o t a l  RMS AV = 50 + 187 = 237 fps with a r e s u l t i n g  p e r i a p s i s  d i spers ion  
of  4.7 n. m i .  If now we consider t a b l e  I ( b )  (FTA guidance) ,a  s i n g l e  
co r rec t ion  executed 17.0 hours from t h e  Mars SO1 requi res  320 fps  with a 
r e s u l t i n g  d ispers ion  of  5.6 n .  m i .  
conssmed 83 fps less than t h e  s ing le  co r rec t ion  and have reduced t h e  
p e r i a p s i s  a l tLtude  d ispers ion  by approximately 1 .0  n. m i .  

Therefore,  t h e  two cor rec t ions  have 

To i l l u s t r a t e  t h e  advantage o f  VTA over FTA guidance, again consider 
t ab le  I I I ( b ) .  For FTA guidance, as ind ica ted  above, two cor rec t ions  
r equ i r ed  a t o t a l .  EMS AV = 237 fps with a r e s u l t i n g  d i spe r s ion  of 
4.7 n. m i .  If VTA guidance w e r e  used, t h e  t o t a l  RMS AV would be 
50 + 11 = 61 f p s  with a r e su l t i ng  p e r i a p s i s  a l t i t u d e  d ispers ion  of 
4.0 n. m i .  It should be noted, however, t h a t  t h i s  reduct ion i n  AV has 
been obtained at t h e  expense of increas ing  t h e  r e s u l t i n g  range e r r o r  
from 82 t o  237 n. m i .  The range error increase  i s  not considered impor- 
t a n t  because it represents  only a f e w  seconds d i f f e rence  i n  p e r i a p s i s  
passage t i m e .  
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Table I V  presents  t h e  r e s u l t s  f o r  two midcourse cor rec t ions  when 
the  i n i t i a l  e r ro r s  at separa t ion  are 150 n.  m i .  and 9 a s ;  table  V 
presents  similar r e s u l t s  for i n i t i a l  e r r o r s  of 75 n.  m i .  and 4.5 f p s .  
The discussion above, presented for  t h e  case of  i n i t i a l  e r r o r s  of 
300 n. m i .  and 18 f p s ,  would apply equal ly  w e l l  t o  t hese  t a b l e s  and t h e  
r e s u l t i n g  t o t a l  RMS AV would necessar i ly  be smaller because of  t h e  
smaller  i n i t i a l  d i spers ions .  

These data on spacecraf t  dispers ions i n d i c a t e  t h a t  a minimum of 
two cor rec t ions  are requi red  in s ide  t h e  sphere of inf luence i n  order  
t o  keep AV requirements t o  a minimum. However, t h e  system design 
should include the  capab i l i t y  of executing more than two midcourse 
cor rec t ions .  
system. ) 

(These comments apply equal ly  w e l l  t o  t h e  probe guidance 

Probe.- The s i n g l e  correct ion reslilts f o r  t h e  probe are a l s o  pre- 
sen ted  i n  t a b l e s  I and 11, with t a b l e  I using i n i t i a l  e r ro r s  of 
300 n. m i .  and 18 f'ps and t a b l e  I1 using i n i t i a l  e r r o r s  of 150 n. m i .  
and 9 f p s .  

The computation of  t h e  RMS f l igh t -pa th  angle  dispers ions presented 

t h e  d ispers ion  matr ix  t o  en t ry ,  nul- 
i n  t h e  second t o  last column of  t hese  t a b l e s  (and t a b l e s  I11 through 
V )  were ca l cu la t ed  by propagating 
l i n g  t h e  range e r r o r s ,  and using t h e  r e s u l t l n g  matr ix  i n  equat ion C-10 
of  reference 1. This i s  not a mathematically rigorous technique bu t  
it does represent  a ressonable  approximation f o r  computing r e a l i s t i c  
fli.ght-path angle  dispers ions at t h e  nominal en t ry  a l t i t u d e .  If t h e  
range e r r o r s  a r e  included,the r e su l t i ng  f l igh t -pa th  angle  e r r o r s  
computed w i l l  be much l a r g e r  than those  presented i n  t h e  t a b l e s  but  
w i i l  not represent  t h e  e r r o r  i n  f l igh t -pa th  angle  a t  t h e  nominal en t ry  
a l t i t u d e  (because of t h e  t iming e r r o r  r e l a t e d  t o  t h e  downrange e r r o r  
i n  the  d ispers ion  mat r ix) .  

The RMS vacuum pe r i aps i s  a l t i t u d e  d i spe r s ion  ( l a )  da t a  presented 
i n  these  t a b l e s  (as w e l l  as tables V through X) a r e  a measure of t h e  
co r r ido r  width t h a i  can be  obtained by t h e  probe guidance system. 

Using FTA guidance, t he  data i n  these  t a b l e s  ind ica t e  t h a t  an 
RMS AV = 1716 fps w i l l  produce a vacuum p e r i a p s i s  a l t i t u d e  d ispers ion  
o f  5.4 n. m i .  ( Q  32 n. m i .  cor r idor )  and f l igh t -pa th  angle d ispers ion  
ef 1.66' xith kitid errors at s epa ra t ion  of  300 n. m i .  and 18 f p s ,  



With i n i t i a l  e r r o r s  of 150 n. m i .  and 9 f p s  (us ing  FTA guidance) a 
s i n g l e  co r rec t ion  of 811 f p s  (RMS) i s  requi red  t o  produce a vacuum 
p e r i a p s i s  a l t i t u d e  d ispers ion  of 3.6 n. m i .  (21 21 n. m i .  c o r r i d o r )  and 
a f l igh t -pa th  angle d i spe r s ion  of 0.85'. 
cor rec t ions  i s  17.5 hours a f t e r  s epa ra t ion  o r  approximately 20 minutes 
before  t h e  probe a r r i v e s  at t h e  nominal en t ry  a l t i t u d e .  If VTA 
guidance f o r  t h e  probe is  used (e.g.  , VTA such t h a t  t h e  magnitude of 
t h e  co r rec t ion  i s  minimized), the va lue  of t h e  co r rec t ion  i s  smaller 
and t h e  vacuum p e r i a p s i s  a l t i t u d e  d i spe r s ion  is l e s s ,  but t h e  f l i g h t -  
path angle d i spe r s ion  at  en t ry  is  s l i g h t l y  l a r g e r .  "he reason f o r  t h i s  
i s  t h a t  t h e  VTA guidance allows t h e  range e r r o r  t o  be f r e e ,  and it i s  
p r e c i s e l y  t h e  inc rease  i n  t h i s  e r r o r  which raises t h e  value of t h e  
f l i gh t -pa th  angle d ispers ion .  

The t iming of each of t h e s e  

(If VTA guidance were used f o r  t h e  probe with t h e  c o n s t r a i n t  t h a t  
f l i gh t -pa th  angle e r r o r s  at entry be nu l l ed ,  t h e  r e s u l t s  would be 
p r a c t i c a l l y  i d e n t i c a l  t o  t h e  r e s u l t s  obtained f o r  probe FTA guidance. 
Therefore,  t h e s e  r e s u l t s  are not presented i n  t h i s  note . )  

The two midcourse correction results f o r  t h e  probe are presented  
i n  t a b l e s  I11 through V f o r  navigation measurements processed a t  
30- and 15-minute i n t e r v a l s  and wi th  i n i t i a l  e r r o r s  a t  s epa ra t ion  
of 300 n. m i .  and 18 f p s ,  150 n. m i .  and 9 f p s ,  and 75 n. m i .  and 4.5 f p s .  

To illustrate t h e  advantage of two cor rec t ions  over one f o r  probe 
guidance, consider t a b l e s  I ( b )  and I I I ( b )  (FTA guidance). 
as ind ica t ed  above, a s i n g l e  RMS AV = 1716 f p s  produces a 5.4-n. m i .  
vacuum p e r i a p s i s  d i spers ion  and a 1.66' f l igh t -pa th  angle d ispers ion .  
I n  t a b l e  I I I ( b ) ,  if t h e  second co r rec t ion  i s  made at t h e  same t i m e  as 
t h e  s i n g l e  co r rec t ion  c i t e d  i n  t a b l e  I ( b ) ,  t h e  t o t a l  RMS AV = 55 
+ 1073 = 1128 f p s  with a r e su l t i ng  vacuum p e r i a p s i s  a l t i t u d e  d ispers ion  
of 4.5 n. m i .  (27 n. m i .  corridor width) and a 0.37' f l igh t -pa th  angle  
d ispers ion  at en t ry .  The two cor rec t ions  r equ i r e  588 f p s  less than  t h e  
s i n g l e  co r rec t ion  and produce smaller vacuum p e r i a p s i s  a l t i t u d e  and 
f l igh t -pa th  angle d ispers ions .  

I n  t a b l e  I ( b ) ,  

If VTA guidance were used f o r  t h e  probe, t h e  RMS AV requirements 
and co r r ido r  width would be decreased, but t h e  f l igh t -pa th  angle 
d ispers ions  a t  en t ry  would be increased. A s  an example consider 
t a b l e  I11 ( b )  f o r  t h e  probe under \TA guidaiice . 
55 + 55 = 110 fps  with a r e s u l t i n g  RMS vacuum p e r i a p s i s  a l t i t u d e  . 
dispers ion  of 3.6 n. m i .  ( Q  21 n. m i .  co r r ido r  width) and a 0.78' 
f l igh t -pa th  angle d i spe r s ion  at en t ry .  

The P?4E b? = 
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c 

The RMS correct ions using FTA guidance with t h e  smaller i n i t i a l  
errors at separa t ion  ( see  tab les  I11 through V )  w i l l  of course be 
propor t iona te ly  smaller and w i l l  produce somewhat smaller  dispers ions 
at the  aimpoints of i n t e r e s t .  Likewise, t h e  VTA correct ions are 
smaller than t h e  FTA correct ions for t h e  probe, but produce s l i g h t l y  
l a r g e r  f l igh t -pa th  angle dispersions a t  en t ry .  

Table V I  compares probe RMS AV and d ispers ions  a t  vacuum pe r i aps i s  
and en%ry when using FTA guidance and VTA guidance nu l l ing  f l igh t -pa th  
angle e r r o r s  at en t ry .  The f i r s t  p a r t  of  t h e  t a b l e  i l l u s t r a t e s  what 
has been already pointed out ,  t h a t  i n  t h e  presence of t h e  navigation 
and guidance system e r r o r s  assumed i n  t h i s  study t h e  FTA and VTA 
(nu l l ing  f l fght-path angle d is7ers ions)  f o r  t h e  probe produce almost 
i d e n t i c a l  answers. The two guidance types are compared again a t  t h e  
bottom of the  t a b l e  with zero navigation and guidance cor rec t ion  
imFlementation e r r o r s .  This data i s  presented only t o  i l l u s t r a t e  t h e  
d i f f e rence  i n  the  cons t r a in t s  imposed by t h e  two guidance l a w s .  

CONCLUDING REMARKS 

A comparison of f ixed  and var iab le  t i m e  of a r r i v a l  guidance f o r  a 
Mars probe launched from a manned flyby spacecraf t  has been presented. ' 

The problem w a s  i n i t i a t e d  with the  probe and spacecraf t  separa t ion  a t  
t h e  M a r s  sphere of inf luence and w a s  terminated with t h e  probe a r r i v a l  
a t  a spec i f i ed  en t ry  a l t i t u d e  and t h e  spacecraf t  a r r i v a l  at  p e r i a p s i s .  

The r e s u l t s  of t he  study ind ica te  t h a t  va r i ab le  time of a r r i v a l  
guidance produces smaller RMS veloci ty  cor rec t ions  than f ixed  time 
of a r r i v a l  guidance, and would be more advantageous f o r  spacecraf t  
maneuvers. Spacecraf t  per iaps is  a l t i t u d e  d ispers ions  of t h e  order of 
5.0 n. m i .  can be obtained f o r  a s i n g l e  VTA cor rec t ion  of 260 fps 
when the  i n i t i a l  e r r o r s  a t  separat ion a r e  300 n. m i .  and 18 fps .  
two midcourse cor rec t ions ,  using VTA guidance , spacecraf t  pe r i aps i s  
a l t i t u d e  d ispers ions  of 2.6 n .  m i .  can be obtained f o r  a t o t a l  
RMS AV = 75 fps. These numbers a r e  reduced when the  i n i t i a l  e r r o r s  
a r e  decreased. 

With 

. 

. 
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Fixed t i m e  of  a r r i v a l  guidance appears t o  be b e t t e r  f o r  t h e  probe 
maneuvers i n  order  t o  more e f f i c i e n t l y  con t ro l  t h e  f l igh t -pa th  angle 
dispers ions at en t ry .  
probe vacuum p e r i a p s i s  a l t i t u d e  d ispers ion  of 5.4 n. m i .  (corresponding 
t o  a 32.4-n. m i .  co r r ido r  width) and a f l igh t -pa th  angle  d ispers ion  
at en t ry  of 1.66O can be obtained with i n i t i a l  e r r o r s  of 300 n. m i .  
and 18 fps. 
probe vacuum Ter iaps is  a l t i t u d e  of 4.5 n. m i .  (27-n. m i .  cor r idor  
width)  and f l igh t -pa th  angle dispers ion of 0.37O can be achieved f o r  
a t o t a l  RMS AV = 1128 fps .  These numbers are a l s o  propor t iona l  t o  t h e  
i n i t i a l  dispers ions assumed at the t i m e  of separa t ion .  

With a s ingle  FTA co r rec t ion  of 1716 f p s ,  a 

With two midcourse co r rec t ions ,  using FTA guidance, a 

. 

. 
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APPENDIX 

' c  

SOLUTION FOR THE CONIC TRAJECTORY THAT SATISFIES 

THE TERMINAL ENTRY CONDITIONS OF vE, yE, hE 

It i s  assumed t h a t  t h e  probe i s  at t h e  i n i t i a l  pos i t i on  vec tor ,  
- 
r and it i s  des i red  t h a t  the terminal o r  en t ry  speed, v f l i g h t -  

path angle ,  yE,  and a l t i t u d e ,  hE, be  s a t i s f i e d .  

of t h e  t r a j e c t o r y  i s  a l s o  spec i f ied .  
shown i n  f i g u r e  Al. The der iva t ion  of t h e  ve loc i ty  required 

0, E' 
The i n c l i n a t i o n ,  i ,  

The geometry of t h i s  problem i s  

- - 
) at t t o  s a t i s f y  t h e s e  condi t ions w i l l  now be derived. PROBE 0 

vR (VR = v 

The semi-major axis of t h e  t r a j e c t o r y  i s  computed from, 

' f  

I -  

,2 -1 

a = (k - +) 
where r 
t r a j e c t o r y  i s  hyperbolic.  

= hE + R . I f  a>O, the t r a j e c t o r y  is  e l l i p t i c ;  i f  a<O, t h e  
E P 

The parameter, p ,  i s  found from, 

v2 r 2  s in2 (yE)  E E  
P P =  

The e c c e n t r i c i t y  of t h e  t r a j e c t o r y  is  then ,  

e = d q  
The rad ius  of pe r i aps i s  i s  found from, 

(A-2) 

(A-3) 

(A-4)  r = a(l - e )  
TI 
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A t  t h i s  point  it should be noted t h a t  i f  t h e  t r a j ec to ry  i s  e l l i p t i c a l  
t he  constraint  

(A-5 1 r < 2r - rw 
0 -  

must be imposed. 

From t h e  polar  equation of the o r b i t ,  t h e  angle 0 between r and 
0 

ent ry  may be found t h e  t r u e  anomalies, 

= (t - 1)1 
and 

*E * cos-1 [$ (e - 91 
( A - 6 )  

(A-7)  

and by s e t t i n g  

e fE - fo ( A - 8 )  

The normal t o  t h e  t r a j ec to ry  plane is computed fran 

. , c )  A *I 

h = i r i n  a @in i - j C 0 8  n r i n  i + t C 0 8  i .  (A-9) 

The inc l ina t ion ,  i, i s  specified, and R i s  t h e  r i g h t  ascension of the  

ascending node which may be computed from T o  and i ,  except fo r  an 

ambiguity which m a y  be f r ee ly  chosen. 

From f igure  A 2 ,  t h e  r i g h t  ascension a and decl inat ion 6 of ? 
0 0 0 

m y  he computed from 

and 

(A-10) 

(A-11) 
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A l s o  from f i g u r e  A 2 ,  

n - a  - u  
0 

( A - 1 2 )  

f o r  one choice of $2 

n - a  0 + u + n  ( A - 1 3  I 

f o r  t h e  o the r  choice of  S2. For both cases ,  u i s  computed from 

tan 60 
tan i s i n  a = -. ( A - 1 4 )  

Equation ( A - 1 4 )  implies t h e  l imi t s  on i n c l i n a t i o n  which may be 
s p e c i f i e d ,  t h a t  i s  , 

for ( A - 1 4 )  t o  b e  meaningful. 

From f i g u r e  A l ,  it i s  evident t h a t  t h e  en t ry  pos i t i on  and ve loc i ty  
m a y  be w r i t t e n  

and 

(A-16) 

( A-17 
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- 
Bin yTo * 'EVE r 

0 v = - V  c M I y o * v -  
ro 0 rO 

where t h e  u n i t  vec tor  W l i e s  i n  the  t r a j e c t o r y  p lane  and i s  def ined 
by 

(A-18) 

The v e l o c i t y  requi red  maJr now be  simply found from t h e  t r i p l e  
cross-product 

- 
which i s  t r u e  s i n c e  P o  X ? 
which must remain constant.  

solved f o r  vR, 

= r x 7 is  t h e  angular momentum vec tor  R E E  
After considerable  a lgebra (A-19)  m a y  be 

(A-20) 

The magnitude of  7R is  found from 

The i n i t i a l  f l igh t -pa th  angle yomay  be found from 

(A-21) 

(A-22) 
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o r ,  r v 
O R  s i n  y 0 - - rE "E sin YE 

and ( A-23) 

The t i m e  t o  e n t r y  m a y  be computed from t h e  following equation 
from reference  6: 

r - v  
@-tE* 6 x2 C [ax2] + [I - ro a0]x3 s[a0 x2] + ro x (A-24)  

- 
where a = - 1 and Cbg and S [ax3 a r e  B a t t i n ' s  auxiliary funct ions.  

a 
X i s  found from 

(A-25)  

(A-26)  

If t h e  t r a j e c t o r y  is  e l l i p t i c a l  (a>O), t h e  q u a n t i t i e s  EE and E o  are 
t h e  eccen t r i c  anomalies and are found from 

(A-27)  



41 

If t h e  t r a j e c t o r y  i s  m e r b o l i c  (ace), t h e  q u a n t i t i e s  H 

found from 

and H a r e  E 0 

(A-28) 

When these  equations a r e  applied t o  determine t h e  of t h e  probe, R 
t h e  i n c l i n a t i o n  and r i g h t  ascension of t h e  ascending node are t h e  
same or  very near ly  t h e  same as tha t  of  t h e  spacecraf t .  



a 

r A A -0 
W = h X -  

A 
h IS A UNIT VECTOR OUT OF PAGE 

Figure Ale- Geometry of trajectory which satisfies the entry 
conditions VE, YE, rE (= R + h E i  P 



a- = cY+a+n 
&?+=a-a 

tan d sin a = - 
tan i 

Figure A2 . -  Geometry of the two trajectories possible that satisfy the entry conditions. 
6 
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